We demonstrate a simple fully fiber-integrated picosecond optical parametric oscillator based on highnonlinear dispersion-shifted fiber. High quality picosecond pulses are generated with a 40-nm tuning range.
Introduction
Picosecond optical pulse sources have been playing an important role in ultrafast processes and optical communications. Picosecond pulse generators based on erbium-doped fiber lasers [1] and semiconductor lasers [2] have been investigated comprehensively. On the other hand, fiber optical parametic amplifier (FOPA) offers high gain and wide-gain bandwidth [3] , which allows picosecond pulse generation in potential regions where practical lasers currently are not available.
Previous effort included utilizing parametric gain to generate picosecond pulse based on FOPA [4] [5] . However, the availability of continuous wave (CW) lasers at certain wavelength limits the potentially tunability of such kind of picosecond source. Therefore it is highly desirable to explore its corresponding fiber optical parametric oscillator (FOPO) configuration, which does not require any seeding light.
Most of the picosecond FOPOs reported were pumped by picosecond lasers [6] . Since a picosecond laser is relatively expensive, it is desirable to build a picosecond generator just using a CW pump.
In this paper, we demonstrate a simple and economic picosecond optical parametric oscillator based on highlynonlinear dispersion-shifted fiber (HNL-DSF). We use a similar setup as previously reported actively modelocked FOPO [7] . However, the output pulsewidth of the current FOPO is measured to be 18 ps, narrower than that reported in [7] . The ring cavity is pumped with a sinusoidally modulated CW laser. The tuning range is from 1528 nm to 1548 nm and from 1564 nm to 1584 nm, which is over 40 nm. This scheme can be potentially useful in generating short pulse for ultra-fast communication.
Experimental Setup
The experimental setup of the FOPO is shown in Fig. 1 . The pump was generated by a CW tunable laser source (TLS) with a fixed wavelength of 1556 nm. The output of the laser was phase modulated by a phase modulator (PM) using a 10 GHz pseudorandom binary sequence (PRBS) with pattern length 2 7 -1 in order to increase the threshold for stimulated Brillouin scattering (SBS). The pump was then intensity modulated by a Mach-Zehnder modulater (MZM) driven by a 10 GHz clock signal to produce a sinusoidally modulated pump. The polarization controllers (PCs), PC1 and PC2, were used to control the state of polarization (SOP) of the pump. After that, the pump was amplified by erbium-doped fiber amplifiers (EDFAs), EDFA1 and EDFA2, and filtered by a tunable bandpass filter (TBPF1) with a 1-nm bandwidth to produce a high-power, low-noise pump. The average power of the pump was measured to be 0.5 W after the EDFA2. The pump then passed through a circulator (CIR), and the reflected power by SBS was monitored using a power meter. It was then coupled into the cavity for parametric amplification through the wavelength-division multiplexing coupler (WDMC1), which had passband wavelength from 1550 nm to 1559 nm. Note that the cavity included a 400-m long HNL-DSF as the gain medium which had nonlinear coefficient of 14 W -1 km -1 , zero-dispersion wavelength of 1554.7 nm and dispersion slope of 0.035 ps/nm 2 /km. The FOPO output spectrum was monitored by an optical spectrum analyzer (OSA) through a 1/99 coupler. WDMC2 was used to filter out the signal and idler by blocking the undesired pump. It was then filtered by TBPF2 with a bandwidth of 1 nm. Tuning was achieved by adjusting the center wavelength of TBPF2. A 10/90 coupler in the cavity provided 90% feedback and 10% output. The feedback branch passed through the PC3 in the cavity, which was used to align the SOP of the signal (idler) with that of the pump, while the optical delay line Fig. 2 . Optical spectra measured at HNL-DSF output using OSA. Fig. 2 shows the optical spectra measured at the HNL-DSF output. The pump wavelength is fixed at 1556 nm the pump power is slightly adjusted to maintain narrow linewidth for all spectra. Wavelength tuning can be achieved by tuning the center wavelength of the TBPF2 inside the cavity. The achievable output tuning range is from 1528.5 nm to 1548.5 nm and from 1564.8 nm to 1584.9 nm, which is over 40 nm. The smaller peaks occurred are higher order parametric components. Further tuning is limited by the gain region of the FOPA when the pump wavelength is set at 1556 nm. By changing the pump wavelength, we expect the tuning range can be much larger than this value, since the parametric gain allows signal (idler) to be generated at large frequency detune from the pump [3] . This kind of FOPO has a potentially wide tunability, since it does not require any seeding light, of which the availability at certain wavelengths limits the tuning range of FOPAbased pulse generator as reported in [4] . 3 shows the waveforms of the output signal pulse at 1540 nm measured from the DCA. The repetition rate of the signal is measured to be 10GHz, the same as the frequency of the sinusoidal clock source. The pulsewidth measured from the DCA is 18 ps and the jitter RMS is 870 fs, which is inherited from the clock source. The pulsewidth is narrower than that reported in [7] . 
Results and Discussion

Conclusion
In conclusion, an all-fiber picosecond optical parametric oscillator based on HNL-DSF was demonstrated. The output tuning range was over 40 nm and high quality pulse was generated with pulsewidth of 18 ps. This scheme could be found potentially useful in generating pulse for ultrafast communication.
